The phytohormones gibberellin (GA) and strigolactone (SL) are involved in essential processes in plant development. Both GA and SL signal transduction mechanisms employ a/b-hydrolase-derived receptors that confer E3 ubiquitin ligase-mediated protein degradation processes. This suggests a common evolutionary origin of these pathways and possibly a molecular interaction between them. One such indication stems from rice, where the DELLA protein of the GA pathway was reported to interact with the SL receptor. Here, we examine the physiological interaction between both pathways through the analysis of GA (ga1) and SL biosynthesis (max1 and max3) mutants. In ga1 max double mutants, we find indications only for additive interactions when examining several phenotypic readouts. We further identify short-term transcriptional responses to GA and the synthetic SL rac-GR24 through next-generation sequencing of poly-adenylated RNAs (RNA-seq) in ga1 max1. Remarkably, both hormones lead to predominantly additive transcriptional changes of a largely overlapping set of genes. The expression of only a few genes was altered in a synergistic manner but, interestingly, these include the genes encoding the GA catabolic enzyme GA2 OXIDASE2 (GA2ox2) as well as the SL pathway regulators BRANCHED1 (BRC1) and SUPPRESSOR OF max2 1-LIKE8 (SMXL8). We conclude that GA and rac-GR24 signaling in Arabidopsis seedlings converge at the level of transcription of a common gene-set.
INTRODUCTION
Plants coordinate many aspects of their growth and development through the local or systemic activity of phytohormomes (Santner et al., 2009) . Whereas gibberellins (GAs) have been known as growth modulators for almost a century, strigolactones (SLs) were recognized as endogenous plant signaling compounds less than a decade ago (Gomez-Roldan et al., 2008; Umehara et al., 2008; Hedden and Sponsel, 2015) . GAs stimulate essential processes and phase transitions during plant development, including germination, elongation growth, apical dominance, floral development and flowering time, as well as biotic and abiotic stress responses (Colebrook et al., 2014; Schwechheimer, 2014; Fonouni-Farde et al., 2016) . SLs were originally identified as plant-derived compounds that trigger the germination of parasitic plant seeds, such as Striga and Orobanche, and were later found to promote symbiotic interactions between plants and rhizobia or arbuscular mycorrhiza (Cook et al., 1966; Gomez-Roldan et al., 2008; Umehara et al., 2008; Al-Babili and Bouwmeester, 2015; Gutjahr et al., 2015; Lopez-Obando et al., 2015) . Only recently was it recognized that SLs also have roles within the plant that synthesizes them, for example, as repressors of the outgrowth of preformed axillary shoots and adventitious roots or as activators of shoot growth and root hair elongation (Gomez-Roldan et al., 2008; Umehara et al., 2008; Ledger et al., 2010; Kapulnik et al., 2011; Ruyter-Spira et al., 2011; Mayzlish-Gati et al., 2012; Rasmussen et al., 2012) .
Gibberellin and SL signaling share remarkable similarities at the molecular and mechanistic level (Santner et al., 2009; Waters et al., 2017) . GA is perceived by the GID1 (GIBBERELLIN INSENSITIVE DWARF1) family of receptor proteins, and binding of GA promotes the activation of GID1 and association with an SCF (SKP1-CULLIN1-F-box protein)-type E3 ubiquitin ligase complex with the F-box proteins SLY1 (SLEEPY1) or SNZ (SNEEZY) in Arabidopsis or GID2 in rice (Willige et al., 2007; Murase et al., 2008; Shimada et al., 2008; Ariizumi et al., 2011; Daviere and Achard, 2016) . This GA-dependent interaction targets the repressor proteins of the DELLA family such as RGA (REPRESSOR-OF-ga1-3) or SLR1 (SLENDER RICE1) from rice for ubiquitin-mediated degradation by the 26S proteasome (Silverstone et al., 2001; Fu, 2002; Willige et al., 2007; Schwechheimer, 2014; Daviere and Achard, 2016) . DELLAs interact with a range of proteins, in most cases transcription factors, and the activity of these transcription factors is generally positively, in cases negatively, affected after DELLA degradation (Schwechheimer, 2014; Daviere and Achard, 2016) .
In rice, SL signaling is activated by the D14 (DWARF14) receptor, which promotes the degradation of the D53 (DWARF53) repressor protein via an SCF-type E3 ligase with the F-box protein D3 (DWARF3; Arite et al., 2009; Yoshida et al., 2012; Jiang et al., 2013; Kagiyama et al., 2013; Zhou et al., 2013; Zhao et al., 2014; de Saint Germain et al., 2016; Yao et al., 2016) . In Arabidopsis, the D14 receptor functions together with the F-box protein MAX2 (MORE AXILLARY BRANCHES2) to promote the degradation of SMXL7 (SUPPRESSOR of max2 1-LIKE7) and the paralogous SMXL6 and SMXL8 (Waters et al., 2012; Chevalier et al., 2014; Soundappan et al., 2015; Wang et al., 2015) .
In rice and Arabidopsis, D3/MAX2 also mediate responses to karrikins (Nelson et al., 2011; Gutjahr et al., 2015) . The smoke-derived karrikins as well as an as-yet enigmatic endogenous plant compound are perceived by the D14-homologous receptor KAI2 (KARRIKIN INSENSI-TIVE2; Waters et al., 2012; Guo et al., 2013; Conn and Nelson, 2015) . D14 and KAI2 are not functionally interchangeable and they have different substrate specificities. D14 is unresponsive to karrikins and preferentially mediates responses to SL stereoisomers with a natural SL configuration at carbon residue 20 as it is present in GR24 5DS (Scaffidi et al., 2014) . KAI2 responds to karrikins and SL analogs with a non-natural configuration at residue 20 as in GR24 entÀ5DS (Scaffidi et al., 2014) . Synthetic rac-GR24 (GR24) is a racemic mixture of GR24 5DS and GR24 entÀ5DS commonly used for SL signaling studies (Scaffidi et al., 2014) . GR24 treatments thus induce D14 as well as KAI2 responses. The biochemical function of D53/SMXL6,7,8 proteins is not clear. It has, however, recently been proposed that they function as transcriptional regulators (Liu et al., 2017; Ma et al., 2017) . Rice FC1 (FINE CULM1) or Arabidopsis BRC1 (BRANCHED1) are putative transcriptional targets of SL signaling, but generally the transcriptional responses following GR24 treatments are comparatively modest (Mashiguchi et al., 2009; Mayzlish-Gati et al., 2012) . D53/ SMXL6,7,8 proteins have a conserved EAR motif that, in other transcription factors, mediates interactions with the TPL (TOPLESS) transcription regulator (Liang et al., 2014; Soundappan et al., 2015; Wang et al., 2015; Bennett et al., 2016; Ma et al., 2017) . However, SMXL7 lacking the EAR motif is partially functional, and the importance of the TPL interaction may thus be debated .
Furthermore, some SL responses may not require transcription and translation cycles because, for example, the SL-promoted internalization of PINs can occur in the presence of the protein biosynthesis inhibitor cycloheximide (Shinohara et al., 2013) .
Besides the fact that both signal transduction pathways employ very similar protein machineries, the GID1 and D14 receptors both belong to the family of a/b-hydrolases (Ueguchi-Tanaka et al., 2005; Hamiaux et al., 2012; LopezObando et al., 2015) . a/b-Hydrolases are lipid-binding and catabolizing enzymes, but the hydrolase activity towards lipids or GAs is clearly compromised in GID1 (UeguchiTanaka et al., 2005) . In contrast, D14 has retained its hydrolytic activity, which appears to be necessary for ligand perception and the interaction with the F-box protein D3/ MAX2 (Hamiaux et al., 2012; Nakamura et al., 2013; de Saint Germain et al., 2013 , 2016 Zhao et al., 2015; Yao et al., 2016) .
The similarities between the GA and SL signaling pathways may suggest a common evolutionary origin and a possible molecular interaction between their signaling components. In this regard, it is remarkable that the rice DELLA protein SLR1 was reported to interact with the D14 SL receptor (Nakamura et al., 2013) . This observation remains to be explored at the biochemical or genetic level. For example, it could be hypothesized that the D14-SLR1 interaction negatively or positively interferes with SL receptor function and, in this way, serves to repress or promote SL signaling. It could also be envisioned that DELLAs are targeted for ubiquitination and degradation via the SL pathway and that SL could thereby promote GA signaling (Nakamura et al., 2013) . Alternatively, binding of DELLAs to the SL receptor could render the DELLA proteins inaccessible for GA-and GID1-mediated degradation and, thus, SL signaling could negatively affect GA binding. Although these possibilities exist, physiological studies conducted in pea argue for an independent action of SL and GA signaling (de Saint Germain et al., 2013) . Similarly, it was shown that SL does not visibly influence DELLA degradation in Arabidopsis shoots . On the other side, GA 3 can repress SL biosynthesis by suppressing the induction of SL biosynthesis genes that is observed in a 24-h mock-treated rice sample (Ito et al., 2017) .
Auxin transport is modulated by GAs as well as by SL. GAs promote auxin transport by either affecting the protein abundance of PIN (PIN-FORMED) auxin efflux transporters or by activating the expression of the PINactivating protein kinase WAG2 (Willige et al., 2011 (Willige et al., , 2012 Zourelidou et al., 2014) . SLs influence auxin transport negatively by promoting the depletion of PIN1 from the plasma membrane, at least in the shoot (Crawford et al., 2010; Shinohara et al., 2013) . Thus, GA and SL may act on plant growth at the cellular level through the modification of auxin transport.
Here, we examine the interdependence of GA and SL signaling pathways through the analysis of Arabidopsis thaliana GA and SL biosynthesis mutants. We use nextgeneration sequencing of poly-adenylated RNAs (RNA-seq) from GA-and SL-deficient ga1 max1 double mutants to examine the transcriptional changes following treatments with the bioactive GA 3 and the SL analog GR24. Remarkably, both hormones lead to predominantly additive transcriptional changes of a largely overlapping set of genes. We therefore conclude that transcriptional changes downstream from GA and GR24 signaling, at least when examined in Arabidopsis seedlings, converge at the level of transcription of a common gene-set.
RESULTS

Phenotypic analysis of GA-and SL-deficient mutants
In order to examine the combined effects of GA-and SLdeficiency, we generated double mutants between ga1 (SALK_109115), a mutant of the GA biosynthesis gene GA1 (GA REQUIRING1; ent-COPALYL DIPHOSPHATE SYNTHETASE1), and max1-4 or max3-9, loss-of-function mutants of the SL biosynthesis genes MAX1 (MORE AXIL-LARY BRANCHES1; CYTOCHROME P450, FAMILY 711) and MAX3 (MORE AXILLARY BRANCHES3; CAROTENOID CLEAVAGE DIOXYGENASE 7; Booker et al., 2004; Willige et al., 2007; Luo et al., 2012) . When we measured general plant growth parameters in the respective single and double mutants, we found that the strongly reduced rosette diameter of the ga1 mutants was not significantly altered in the presence of the max mutant alleles (Figure 1a ). Plant height is reduced in ga1 as well as in max mutants, and the number of primary rosette-born axillary branches is increased in the max mutants (Willige et al., 2007; Gomez-Roldan et al., 2008; Umehara et al., 2008) . We therefore scored these phenotypes in the single and double mutants. Because branching and bolting may only become apparent in the ga1 mutant when the GA deficiency is partially normalized after GA treatment, we included the analysis of GA-treated plants as a part of these experiments. With regard to plant height, we found that the severe dwarfism of ga1 mutants was, as expected, epistatic to the partial dwarfism of max mutants (Figure 1b and c) . When plant growth of ga1 mutants was partially normalized through repeated GA treatments (1 lM GA 3 ), ga1 max1 and ga1 max3 mutants remained significantly smaller than ga1 mutants, mirroring the max1 and max3 mutant phenotypes (Figure 1b and c) . GA treatments did not alter the number of axillary branches from rosettes in max mutants (Figure 1d ). Conversely, we found that the complete absence of these axillary branches observed in the ga1 background was retained in ga1 max combinations, and that this defect could be rescued by GA treatments (Figure 1d) . Thus, the branch outgrowth of max mutants was dependent on a functional GA pathway. We concluded that the GA1 and MAX genes interact in an additive manner with regard to the phenotypes examined.
Because a previous study indicated that the short root phenotype of Arabidopsis seedlings grown on medium with low phosphate (LP) could be partially relieved by GA treatments or by introducing DELLA loss-of-function alleles (Jiang et al., 2007) , we examined root growth in high-(HP) and LP conditions. This was particularly interesting because LP conditions promote SL biosynthesis in the Arabidopsis wild-type Mayzlish-Gati et al., 2012) . Our comparative analysis of ga1 and ga1 max1 mutants indicated, however, that primary root elongation was independent of MAX1 in ga1 (Figure 1e ). We thus concluded that the anticipated higher SL levels of the ga1 mutants in LP conditions were not causal for the root growth inhibition in ga1.
Accumulation of the DELLA protein RGA is not affected by the SL pathway
To understand whether DELLA protein levels are affected by the activity of the SL pathway, we examined the accumulation of the DELLA protein RGA in the wild-type and ga1 as well as in max1, max3 and max2 mutant backgrounds in total protein extracts obtained from 10 days old light-grown seedlings. We found that RGA accumulated to comparable levels when analysed in the wildtype and the three max mutants, and that the increase in RGA levels as observed in ga1 was not altered in the presence of the max1 mutation ( Figure 2a ). Based on these observations, we ruled out that the SL pathway had a role in the regulation of the GA pathway via DELLAs. This conclusion was also supported by our further observation that RGA abundance was not affected when GR24 (5 lM) was applied alone, but declined rapidly after GA 3 (100 lM) or GA 3 (100 lM) + GR24 (5 lM) treatments ( Figure 2b ).
GA 3 and GR24 regulate a largely overlapping gene-set in a predominantly additive manner Gibberellin and SL signaling responses can be studied in ga1 max1-4 without the interference from developmental or morphological differences that would occur if these responses were studied in the phenotypically dissimilar ga1 or max1 single mutants. We therefore performed an RNA-seq experiment with 7 days old ga1 max1 seedlings treated with 100 lM GA 3 and 5 lM GR24, alone or in combination, for 0, 30, 60 or 120 min, or mock treatments of the corresponding periods of time ( Figure 3a) . The chosen GR24 concentration had previously been shown to be sufficient to rescue the branching phenotypes of max3 (Umehara et al., 2008). The specific GA 3 concentration efficiently suppressed growth defects in ga1 mutants (Willige et al., 2007) . Total RNA from seedlings subjected to the respective treatments was prepared from three biological replicates and sequenced with an Illumina HiSeq 2500 sequencer. Sequence reads were mapped to the TAIR10 Arabidopsis genome release and genes with a false discovery rate-corrected P-value <0.01 and a fold-change (FC) (a) Photos of representative 6-week-old ga1, ga1 max1 and ga1 max3-9 mutants. Line numbers (#) and rosette diameters (mean AE SD; n = 10) are specified. Scale bar: 2 cm.
(b) Photographs of representative 5-week-old plants with the genotypes as specified. WT, wild-type. Plants were treated four times at regular intervals with 1 lM GA 3 (+GA) or a mock solution (ÀGA). Please note that the WT plants were bent to fit the photograph. For actual plant heights, refer to (c). Scale bar: 2 cm. (c) and (d) Mean AE SD of plant height (c) and number (No) of axillary branches (d) of 5-week-old plants with the genotypes as specified (n = 10). Only outgrown axillary branches (>0.5 cm) were counted. Same letters indicate no significant differences between genotypes or treatments (Tukey's HSD, P < 0.05).
(e) Primary root elongation of 15-day-old seedlings (n = 36) grown on " Murashige and Skoog (MS) for 8 days and transferred to high-(1.0 mM; HP) or low-phosphate (10 lM; LP) medium for an additional 7 days. [Colour figure can be viewed at wileyonlinelibrary.com] >1.5, when compared with the respective mock treatment, were categorized as differentially expressed genes (DEGs). Using these criteria, a total of 210 and 73 DEGs were identified in response to GA 3 and GR24, respectively (Figure 3b ; Table S1a and b). The majority of the GA 3 -regulated DEGs (167 of 210) represented downregulated genes, whereas most of the GR24-regulated DEGs were upregulated (64 of the total 73 genes; Figure 3b ; Table S1a and b). When applying the >1.5 FC and P < 0.01 criteria, the GA 3 and GR24 single hormone treatments affected distinct gene-sets, and only four genes were regulated by both hormones and in the same manner (AT1G58340, MATE transporter; AT1G20190, a-expansin gene family; AT3G14940, cytosolic phosphoenolpyruvate carboxylase; AT5G50335, unknown protein; Figure 3b ). An additional three genes were up-and downregulated in response to GR24 and GA, respectively [AT2G28160, FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR 1; AT3G60290, 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily protein; AT5G53420, CCT motif family protein; Table S1a and b]. Among the 20 genes previously defined as being GAregulated in a comparison of several gene expression studies, 15 were GA-regulated in our experiment, indicating that the treatment was largely in line with previously conducted experiments (Table S2 ; Claeys et al., 2014) .
Remarkably, the combined application of GA 3 and GR24 led to the upregulation of 31 genes and the downregulation of 43 genes, as early as 30 min, when the single hormone treatments had no (GR24) or only a marginal (GA 3 ) effect when applying the >1.5 FC and P < 0.01 criteria (Figure 3b) . Also, when examining the data sets from the other time points, we found that the combined treatments resulted in a strongly increased number of DEGs when compared with the single treatments and applying the >1.5 FC and P < 0.01 criteria (Figure 3b ). Among the 386 DEGs that were identified following GA 3 and GR24 induction after 30, 60 and 120 min, 261 DEGs were detected only in the combined treatments of the respective time points, and only 125 DEGs could already be identified after the single hormone treatments (Table S3) . Analysis of these DEGs with regard to protein domain enrichment using Thalemine (https://apps.araport.org/thalemine/) indicated a strong enrichment of AP2/ERF (APETALA2/ETHYLENE RESPONSE FACTOR) family transcription factor genes. AP2/ERF genes represented 14 out of the 386 DEGs observed after the combined treatment, and 12 of the 261 DEGs were found only in the combined treatment. Cluster analysis using FCs of the 261 DEGs that were exclusive to the combined treatment revealed that the expression levels of the vast majority of these genes remained unchanged in the single treatments or were altered in the same direction as observed in the combined treatment. In the latter case, however, these genes had not been categorized as DEGs in the analysis of the single hormone treatment data sets because they did not fulfil the FC (>1.5) and P-value criteria (P < 0.01; Figure 3b and c; Table S3 ).
The categorization of the DEGs after the combined treatment could be the result of either a positive (or negative) synergistic action of GA and GR24, where the expression changes are bigger (or smaller) than would be expected by just adding the effects of the single treatments, or an additive action, where the expression changes can be estimated by just adding the effects of the single treatments. In order to distinguish between these possibilities, we calculated the expected FC (FC calculated ) of the combined treatment according to the experimental values obtained in the respective single hormone treatments. We then contrasted these FC calculated values with the experimental values (FC experimental ) obtained after the combined treatment. (a) Immunoblot with anti-RGA antibody and CBB (Coomassie Brilliant Blue)-stained gel of total protein extract (45 lg all genotypes, except 9 lg sly1-10) prepared from 8-day-old seedlings grown on high-phosphate (HP) medium as specified in Figure 1e . (b) Immunoblot with anti-RGA antibody and CBB-stained gel of total protein extract (45 lg all samples, except 22.5 lg sly1-10) prepared from 10-day-old ga1 max1-4 # 2 seedlings grown on " Murashige and Skoog (MS) and treated for the times indicated with a mock solution, 100 lM gibberellin (GA) 3 , 5 lM GR24 or 5 lM GR24 plus 100 lM GA 3 as specified. The samples were processed in parallel, incubated in two different blots as shown, and exposed for the same period of time.
To calculate FC calculated , we used the FC obtained after the individual hormone treatments (FC GA , FC GR24 ) and calculated the expected FC as FC calculated = FC GA + FC GR24 À 1. The analysis revealed that 72% (30 min), 77% (60 min) and 80% (120 min) of the genes had a difference between FC calculated and FC experimental smaller than 0.5-FC, an arbitrary value that we set to account for technical variation between the individual experiments (Figure 4a and b) . Thus, the gene regulation observed in the combined treatments should have resulted, to the largest extent, from an additive regulation by the two hormones. Only 19 (30 min), 17 (60 min) and 31 (120 min) genes showed a higher than 0.5 mathematical difference (Table S4 ). Among those, 22 out of the 23 upregulated genes and nine out of the 39 downregulated genes yielded, respectively, negative and positive values, indicating that these genes were synergistically up-and downregulated. Similarly, one upregulated and 30 downregulated genes yielded positive and negative values, indicating an antagonistic regulation (Table S4 ). Interestingly, three of the 31 synergistically upregulated genes had a direct role in the GA or SL pathway, namely SUPPRESSOR OF max2 1-LIKE 8 (SMXL8, AT2G40130), BRANCHED1 (BRC1, AT3G18550) and GIBBERELLIN 2-OXI-DASE 2 (GA2ox2, AT1G30040; Figure 4 ). These genes, together with an as yet uncharacterized serine/threonine kinase (AT1G60060) and the indole-3-acetic acid (IAA) amido synthase DWARF IN LIGHT1 (DFL1, AT5G54510), a gene encoding for an enzyme for the inactivation of the auxin IAA through amino acid conjugation, were selected for independent evaluation by quantitative reverse transcriptase-polymerase reaction (qRT-PCR). In each case, these analyses allowed confirming the regulation observed in the RNA-seq experiment (Figure 4c ). SMXL8 was transcriptionally upregulated following GR24 single treatments, but responded to the regulation by GA only in the presence of GR24. The expression of BRC1 followed a similar expression behavior, but the response of BRC1 was delayed when compared with the expression of SMXL8, thereby supporting previous reports that the SL-labile SMXL8 protein may be an upstream regulator of BRC1 (Figure 4c ; Wang et al., 2015) . The expression of the GA catabolic gene GA2ox2 was only marginally induced after the single hormone treatments, but strongly induced when both hormones were applied in combination (Figure 4c ). Thereby, GA2ox2 followed a previously reported regulation by GA that may serve to promote GA catabolism as part of negative feedback-regulation (Thomas et al., 1999) . The regulation of this GA catabolic gene by SL or GR24 had, however, not been observed yet. The expression of the uncharacterized protein kinase AT1G60060 and the IAA amido synthase DFL1 was strongly induced following treatments with both hormones, whereas GA treatments alone induced the expression of these genes, albeit not significantly. The regulation of the auxin catabolic DFL1 gene could suggest a role of GA and SL in the regulation of other phytohormonal pathways. In summary, we concluded that GA and GR24 regulate a largely overlapping set of genes in a predominantly additive manner, and further that the transcript levels of a restricted number of phytohormonal pathway genes are altered by the two hormones in a synergistic manner.
GA and GR24 regulation of GA and SL pathway genes
To examine the influence of either hormone on the signaling pathways, we analysed the transcriptional regulation of GA and SL metabolic and signaling genes. GA biosynthesis is governed by rate-limiting GA3ox and GA20ox (a) and (b) Schematic representations of the GA biosynthesis and catabolism pathway (a) and the GA signaling pathway (b). Also, graphs displaying the RPKM expression levels of the detected GA biosynthesis and catabolism genes (a) and GA signaling genes (b) in response to GA 3 , GR24 or GA 3 + GR24 treatments in the RNA-seq experiment. Quantitative data are provided in Table S5 . GA1/CPS, GA REQUIRING2/ent-copalyl diphosphate synthase; GA2/KS, GA2/ent-kaurene synthase; GA3/KO, GA3/ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA20OX, GA20 OXIDASE; GA3OX, GA3 OXIDASE; GA2OX, GA2 OXIDASE; GID1, GIBBERELLIC ACID INSENSITIVE DWARF1; SLY, SLEEPY; GAI, GIBBERELLIC ACID INSENSITIVE; RGA, REPRESSOR-OF -ga1; RGL, RGA-LIKE.
anabolic enzymes as well as by the GA catabolic GA2ox (Figure 5a ; Yamaguchi, 2008) . The transcription of these genes is under negative (GA3ox, GA20ox) and positive (GA2ox) feedback control by GA (Yamaguchi, 2008; Hedden and Thomas, 2012) . In line with several previous studies, we found that multiple members of the GA3ox and GA20ox were repressed following GA treatment, namely GA20ox1, GA20ox2, GA20ox3 and GA3ox1, as well as GA3 (ent-kaurene oxidase), or induced, namely GA2ox4 and GA2ox8 (albeit with a P-value >0.01), whereby the latter has not been shown to catabolize bioactive GAs (Rieu et al., 2008; Yamaguchi, 2008; Hedden and Thomas, 2012 ; Figure 5a ; Table S5 ). With the exception of GA2ox2, which was synergistically activated following combined GA and GR24 treatments (discussed above), none of these genes showed a striking and statistically significant regulation after GR24 treatments (Figure 5a ; Table S5 ).
Several GA signaling components, specifically the GA receptor genes GID1A and GID1B, the F-box protein SLY1 as well as the DELLA regulators GAI, RGA and RGL1, showed clear regulation by GA in our experimental conditions ( Figure 5b ; Table S5 ). However, their transcript abundance after GA treatment was not further altered when GA was applied together with GR24; GR24 alone did not have an effect. Thus, only the GA pathway has an effect on the transcription levels of these genes, at least in our experimental conditions.
In the SL pathway, the transcription of the biosynthetic enzymes MAX3 and MAX4 is known to be negatively feedback-regulated by GR24 (Mashiguchi et al., 2009 ). In our experiments, the expression of both genes was repressed by GR24, although not necessarily significantly or at all time points (Figure 6a ; Tables S4 and S6 ). Furthermore, LATERAL BRANCHING OXIDOREDUCTASE 1 (LBO1), acting downstream of MAX1, was significantly downregulated in the presence of GA 3 , suggesting a possible negative influence of GA on SL synthesis ( Figure 6a ; Table S6 ; Brewer et al., 2016) . The strong suppressive effects of GA 3 on the induction of several SL biosynthesis genes in a 24-h mock-treated sample were not observed in our conditions . Also, graphs displaying the RPKM expression levels of the detected SL biosynthesis genes (a) and signaling genes (b) in response to gibberellin (GA) 3 , GR24 or GA 3 + GR24 treatments in the RNA-seq experiment. Quantitative data are provided in Table S6 . CCD7, CAROTENOID CLEAVAGE DIOXYGENASE7; CCD8, CAROTENOID CLEAVAGE DIOXYGENASE8; CYP711A1, CYTOCHROME P450 FAMILY 711 SUBFAMILY A POLYPEPTIDE 1; D27, DWARF27; KAI2, KARRIKIN INSENSITIVE2; MAX2, MORE AXILLARY BRANCHES2; MAX3, MORE AXILLARY BRANCHES3; MAX4, MORE AXILLARY BRANCHES4; LBO1, LATERAL BRANCHING OXIDOREDUCTASE1; D14, DWARF14; SMAX1, SUPPRES-SOR OF max2 1; SMXL, SMAX1-LIKE.
within the 2-h time frame of the treatment (Ito et al., 2017) . Additionally, and in line with a previous study, we found that four of the eight SMAX-LIKE genes, namely SMXL2, SMXL6, SMXL7, SMXL8, were significantly upregulated in the presence of GR24 (Figure 6b ; Stanga et al., 2013) . As already described above, SMXL8 as well as BRC1 showed synergistic upregulation in the combined treatment (Figure 6b ; Table S4 ). In summary, we concluded that several SL signaling components were GR24-regulated, but that GA 3 treatments had an influence on their expression only in the case of LBO1, SMXL8 and BRC1.
Regulation of transporter genes by GA and GR24
Gibberellin and SL are transported within plants through different types of transporters that have been characterized to different depths of analysis with regard to their biological and biochemical properties (Kretzschmar et al., 2012; Saito et al., 2015; Sasse et al., 2015; Kanno et al., 2016; Tal et al., 2016) . Some of the transporters are transcriptionally regulated by the respective hormones, and we therefore specifically examined the transcriptional regulation of these transporters or related genes (Kretzschmar et al., 2012; Tal et al., 2016) . Among the 53 members of the NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER (NPF) family, which comprises the GA transporters NPF2.10/ GTR1 (AT3G47960), NPF3.1 (AT1G68570) and NPF4.1 (AT3G25260), only NPF3.1 was downregulated following GA treatments, whereas the expression of NPF2.10/GTR1 remained unchanged in our experimental set-up (Figure 6a ; Chiba et al., 2015; Saito et al., 2015; Tal et al., 2016) . Among the other NPF genes, NPF2.13 (AT1G69870) showed reduced transcript levels in the presence of GA, and NPF2.5 (AT3G45710) was upregulated with GA (Figure 6a ; Table S7 ). Furthermore, NPF1.1 (AT3G16180) and NPF5.8 (AT5G14940) were regulated in an additive manner when GA was applied together with GR24, and NPF5.2 (AT5G46050) was antagonistically regulated by the two hormones (Table S4 ). GR24 alone had no effect on the transcription profiles of any NPF gene (Figure 6a ; Table S7 ). Interestingly, all of the specified NPF genes, with the exception of NPF5.8, had been proposed to be GA transporters based on their apparent ability to promote GA transport in a yeast-based assay (Chiba et al., 2015) . Members of the SWEET transporter family, specifically SWEET13 and SWEET14, represent another family of GA transporters (Kanno et al., 2016) . In our experiments, we detected transcripts for 10 of the 17 SWEET gene family members, but this excluded SWEET13 and SWEET14. The only family member that showed transcriptional regulation was SWEET4, which was induced in an additive manner by GA and GR24 (Figure 7b ; Table S7 ). In turn, SWEET10 and SWEET12, which have a reported GA transport activity in a yeast-based system, were not transcriptionally regulated (Kanno et al., 2016;  Figure 7b ; Table S7 ). Based on its transcriptional regulation, SWEET4 could thus represent a candidate transporter for GA or SL.
An ABC-type transporter has been implicated in the transport of SL in petunia (Kretzschmar et al., 2012) . Interestingly, ABC transporter genes were also the most prominent class when we analysed the GR24-specific DEGs with regard to their function in Thalemine. Six among the 130 ABC-type transporters were strongly regulated by GR24, namely ABCA7, ABCB11, ABCB15, ABCC2, ABCG34 and ABCG37 ( Figure 7c ; Table S7 ; Hwang et al., 2016) . ABCG22 was upregulated in response to the 120-min GR24 treatment, but this induction was compromised in the presence of GA. Similarly, five other ABC transporters, ABCG27, ABCG1, ABCG14, ABCG19 and ABCC12, showed noteworthy expression profiles (Figure 7c ; Table S7 ). The expression of ABCG27 was repressed following GA treatment, and GA treatment also compromised the slight induction of this transporter as observed after GR24 treatment (Figure 7c ; Table S7 ). ABCG1, ABCG14 and ABCG19 were induced following GA treatment, whereas ABCC12 was transcriptionally repressed (Figure 7c ; Table S7 ). In summary, several of these genes represent candidate SL or GA transporters in Arabidopsis based on their transcriptional expression behavior, which could reflect elements of positive or negative feedback-regulation in hormone transport.
Regulation of auxin transport components
Gibberellin-as well as SL-mediated growth responses have been linked to PIN-mediated auxin transport and auxin transport regulation, by auxin transport regulatory protein kinases (Willige et al., 2011 (Willige et al., , 2012 Lofke et al., 2013) . We therefore examined the RNA-seq data set for transcriptional responses of PINs and its regulatory protein kinases (Rademacher and Offringa, 2012) . In our experiments, we found only little evidence for statistically significant expression changes of the relevant genes. We found that PIN2 was induced following GA treatments at 120 min, and the candidate regulatory kinase AGC1-9 was repressed following GA treatments (Table S8 ). In turn, we did not observe regulation of WAG kinases or PIN genes, other than PIN2. It should be noted, though, that the respective previously reported transcriptional responses had been observed in specific parts of the seedling, the root tip in the case of the PINs and the apical hook in the case of WAG2, and therefore these tissue-specific changes may not become apparent in the whole seedling analysis performed here.
DISCUSSION
The discovery of SL as an endogenous plant hormone raised many questions about its mode of action and its interdependence with other signaling pathways. In a comparatively short period of time, genetic studies have resulted in the identification of the molecular components that regulate SL signaling in different plant species (Waters et al., 2017) . Interestingly, SL employs an a/b-hydrolasetype receptor as well as an E3 ubiquitin ligase for signaling, and thereby resembles signaling through the phytohormone GA. In the case of GA signaling, downstream outputs are mediated by the well-documented transcription-modulating activities of the DELLA repressors (Marzec, 2016; Wallner et al., 2016) . The assumption of a direct transcriptional readout downstream from SL, possibly mediated by the SMXL factors, was only recently supported by experimental evidence (Soundappan et al., 2015; Liang et al., 2016; Liu et al., 2017; Ma et al., 2017) . Reports of gene expression changes downstream from SL have so far been scarce, and this may be due to the comparatively subtle gene expression changes observed after racemic GR24 treatment, which additionally targets the karrikin pathway (Mashiguchi et al., 2009; Mayzlish-Gati et al., 2010) . Here, we have examined the roles of SL and GA in the ga1 max1 double mutant using short-term treatments with GR24 and GA 3 . The availability of a genetic background deficient in both hormone syntheses brought about the advantage that hormone responses could be studied in an identical mutant background, thereby avoiding interferences resulting from differences in morphology or developmental stage. Gene expression changes observed after GA treatment overlapped strongly with gene expression changes observed by us and others in related experiments conducted with microarrays supporting the overall validity of our RNA-seq experiment (Claeys et al., 2014) . Further, our analysis for GR24 target genes considerably extended the list of previously known targets, and it allowed examining these changes in the context of the GA signaling pathway. Following GR24 treatment, we identified 73 DEGs within 2 h of GR24 treatment. Although use of the racemic GR24 may also activate the KAI2-receptor pathway (Scaffidi et al., 2014) , we consider it likely that the GR24 treatment preferentially, or at least more strongly, activated D53-like targets as the KAI2 pathway was not functionally impaired in the ga1 max1 mutants. Interestingly, the number of DEGs increased strongly when both hormones, GA and GR24, were applied together. In the majority of cases this increase could be explained by the additive effects of the two hormones. With regard to the underlying mechanism, such an observation may, for example, be explained by different transcription regulators acting independently and downstream of GA 3 and GR24 on the same target genes. Table S7 . The genes shown are either genes that had previously been shown to have hormone transport activity or genes that showed transcriptional regulation by GA 3 or GR24, and that therefore qualify as candidate transporters for the respective hormones.
Only a small number of target genes showed gene expression changes that could not be explained by additive actions but seemed to result from positive and negative synergistic regulation after concurrent GA 3 and GR24 treatments. Interestingly, the GA biosynthesis gene GA2ox and the SL pathway regulators SMXL8 and BRC1 were among these genes, indicating the existence of shared regulatory elements of the two pathways and a direct effect on each other at the level of GA catabolism and SL signaling.
When we examined the set of GR24 target genes with regard to the functional classification of the respective target genes, we noted a comparative enrichment of genes belonging to the ABC transporter family. This observation was interesting because the only known SL transporter described to date belongs to this transporter family. Several ABC transporters were GR24-regulated in our analysis and these could, potentially, represent hormone transporters that are positively or negatively feedback-regulated at the transcriptional level in response to the availability of their transport cargo. The ABC transporters could thus represent interesting candidates for SL hormone transporters that could be examined in the future.
Our observations of a strongly additive interaction between GA and GR24 signaling at the molecular level are fully in line with our physiological characterization of the ga1 max double mutants as well as genetic and physiological interaction studies conducted in pea (de Saint Germain et al., 2013) . In line with the physiological analysis presented here for Arabidopsis, it had been observed that GA and SL signaling act independently in pea. Our study also agrees with previous work in the conclusion that SL (GR24) has no direct effect on DELLA stability (de Saint Germain et al., 2013; Bennett et al., 2016) . In pea, it had been concluded that SL may predominantly regulate cell division whereas GA may predominantly promote cell elongation (de Saint Germain et al., 2013) . In contrast to this model suggesting a functional diversification of the two hormones, our transcriptome-based comparison rather supports the view that the two hormones are independently active on a substantial number of common transcription targets. Whether these short-term (hours) transcriptional changes observed here translate in the long run (days) into different growth outputs can, however, not be judged at the present stage. Such a difference in the respective experimental time frames may also explain why our experiments with a maximal induction time of 2 h could not recapitulate a previously made observation that GA 3 treatments efficiently suppressed the induction of several SL biosynthesis genes observed in a 24-h but not in an 8-h mock-treated sample (Ito et al., 2017) . Thus, further experimentation will be needed to understand the developmental changes induced by the two hormones in addition to the transcriptional changes reported here.
EXPERIMENTAL PROCEDURES Biological material and growth conditions
Wild-type and mutants of the A. thaliana ecotype Columbia were used for all experiments. ga1 (SALK_109115) as well as max1-4 (Sail_25_A05), max3-9 and max2-1 were previously described (Stirnberg et al., 2002; Booker et al., 2004; Willige et al., 2007; Luo et al., 2012) . Primer sequences used for genotyping of the single and double mutants are listed in Table S9 . Plants were grown on soil or " Murashige and Skoog (MS) plates under continuous light at 21°C.
Physiological experiments
Unless stated otherwise, plants were germinated on " MS 0.8% agar plates before seedlings were transferred to soil. Plants were grown in continuous white light (110-130 lmol m À2 s
À1
) in MobyLux GroBanks (CLF Plant Climatics, Wertingen, Germany) or MLR-351 SANYO growth chambers (Ewald, Bad Nenndorf, Germany). To overcome the germination defect imposed by the GA-deficiency of the ga1 mutants, seeds were treated with GA 3 during imbibition. For the quantification of rosette diameters, seeds were surface sterilized and incubated at 4°C in water containing 100 lM GA 3 (Duchefa Biochemie, the Netherlands) for 5 days to induce germination. GA 3 was subsequently removed by repeated washes of the seeds before plating. For branch number and plant height measurements, stratified seeds were germinated for 5 days on " MS plates containing 100 lM GA 3 and subsequently transferred to soil. GA 3 treatments were done by spraying four times with either 1 lM GA 3 or mock (n = 10).
For assessing primary root elongation under LP and RGA accumulation in the specified genotypes, seeds were surface sterilized and then stratified for 5 days in water supplemented with 100 lM GA 3 followed by washes to remove GA 3 . Seeds were germinated on " MS 0.8% agar plates for 8 days and, subsequently, seedlings were transferred for 7 days to " MS plates containing 1.5 mM CaCl 2 , 9.4 mM KNO 3 , 0.75 mM MgSO 4 , 10.3 mM NH 4 NO 3 , 2.5 mM MES, 100 ml L À1 MS basal salt micronutrient solution (Sigma-Aldrich, Taufkirchen, Germany), 0.5 ml 10009 Gamborg B5 Vitamin mixture (Duchefa Biochemie, the Netherlands), 0.8% agar supplemented with either 10 lM or 1.0 mM KH 2 PO 4 for LP and HP conditions, respectively (n = 36; Jiang et al., 2007) .
Immunoblot analysis
Protein extracts for immunoblot analyses were prepared using an established anti-RGA antibody as previously described (Willige et al., 2007) . For all immunoblot analyses, seeds were surface sterilized and incubated at 4°C in 100 lM GA 3 for 5 days to induce germination. For the hormonal treatments, ga1 max1-4 seeds were grown on " MS 0.8% agar plates and, 10 days after germination, were transferred to liquid " MS in 24-well plates for 5 h to acclimate before the addition of 100 lM GA 3 or 5 lM GR24 (Chiralix, Nijmwegen, the Netherlands), or 100 lM GA 3 + 5 lM GR24 or a mock solution. Pooled samples were taken from three individual wells.
qRT-PCR
For qRT-PCR analyses, total RNA was isolated using the NucleoSpin RNA Plant kit (Machery-Nagel, D€ uren, Germany). DNA was removed by an on-column treatment with rDNase (MacheryNagel, D€ uren, Germany). Subsequently, 2 lg of total RNA was reverse transcribed with an oligo(dT) primer and M-MuLV Reverse Transcriptase (Fermentas, St Leon-Rot, Germany), and the cDNA equivalent of 60-80 ng of total RNA was used in a 10-ll PCR reaction in a CFX96 Real-Time System Cycler with SsoAdvanced TM Universal SYBR â Green Supermix (Bio-Rad, M€ unchen, Germany). A 40-cycle two-step amplification protocol (10 s at 95°C; 20 s at 60°C) was used for all measurements. Relevant primers for qRT-PCR are listed in Table S9 .
RNA-seq analysis ga1 max1-4 seeds were surface sterilized and stratified for 6 days at 4°C in 100 lM GA 3. Following the removal of GA 3 by extensive washes, seeds were grown on " MS agar plates for 7 days at 21°C. Seedlings were then transferred to 24-well plates in liquid MS (mock) for 7 h before hormone treatments for 0, 30, 60 and 120 min with mock, 5 lM GR24, 100 lM GA 3 and 5 lM GR24 + 100 lM GA 3 . Three independent biological replicates were collected for each treatment.
RNA was isolated as described above, quantified with a Qubit (2.0 Fluorometer; RNA-seq Fisher, Schwerte, Germany) using the QuantiFluor RNA high-sensitivity kit (Promega, Mannheim, Germany) and its quality was further determined with a Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany). cDNA libraries were prepared using the TruSeq Stranded mRNA Sample Preparation kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. Clusters were generated and sequenced on two-lane flow cells in four batches with the HiSeq 2500 platform (Illumina). The TruSeq Rapid SR Cluster kit (Illumina) and the TruSeq Rapid SBS kit (Illumina) were used generating 50-bp single stranded reads.
The analysis of the raw sequences and the differential expression analysis were performed on the CLC Genomics Workbench v. 7.0.4 (CLC bio, Aarhus, Denmark). Raw sequences were first quality trimmed (trim using quality scores: 0.05; maximum number of ambiguous nucleotides: 1), and then aligned and mapped to the A. thaliana Columbia-0 (TAIR10) genome using the RNAseq analysis tool with default settings (maximum number of hits for a read, 10; global alignment, no; similarity fraction, 0.8; length fraction, 0.8; mismatch cost, 2; insertion cost, 3; deletion cost, 3). Differential expression analysis was performed using the Empirical Analysis of the DGE tool (estimate tagwise dispersions, yes; total count filter cut-off, 5.0). Genes with a false discovery rate-corrected P-value <0.01 and FC >1.5 were classified as DEGs.
The FC values for the 261 DEGs of the combined treatment that would occur based on the read counts of the single treatments were calculated as FC calculated = (ReadCounts GA + ReadCounts GR24 À ReadCounts mock )/ReadCounts mock ; in response to GA, FC GA = ReadCounts GA /ReadCounts mock ; and in response to GR24, FC GR24 = ReadCounts GR24 /ReadCounts mock . The output FC values of the Empirical Analysis of the CLC DGE tool cannot be calculated from the original counts as they are based on average counts per million for each group of biological replicates and derive internally in the Exact Test algorithm (CLC Genomics Workbench 7.0 manual). The later were used, and FC calculated was estimated as FC calculated = FC GA + FC GR24 À 1.
Statistical tests
The effect of the genotype and treatment in the branching, plant height and primary root elongation assays was assessed with two-way ANOVA and Tukey's honestly significant difference post hoc test. Differences with P-value <0.05 were accepted as significant. All statistical analyses were performed with the R statistical package.
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